Chapter 8

RELATED QUANTITIES

(a) Heat of Combustion and Potential Heat
by

Vytenis Babrauskas

THEORY

In a combustion reaction, the essential quantity is the heat of reaction. Since in
typical combustion reactions we are dealing with constant-pressure, rather than
constant-volume systems, it is most convenient to work with enthalpies, rather
than energies. The enthalpy, H (kJ), is defined as:

H=U+PV

where U is the energy (kJ), P is the pressure (kPa), and V is the volume (m3). In
thermodynamics and engineering calculations, specific enthalpy, h, is often used
(and also specific energy, u). Molar units (kJ/mol) for these terms are typical in
thermodynamics calculations, while in engineering computations it is often
convenient to adopt mass (kJ/kg) units.

The enthalpy scale does not have an absolute zero. Instead, the actual values are
always treated in reference to certain substances in certain states, which have an
intrinsic ‘enthalpy of formation® defined to be = 0. Thus, solid at the standard
reference temperature of 298 K, for example, carbon (graphite) and diatomic
oxygen gas (O,) are both defined to have an enthalpy of formation, Ahg = 0. Heat
will be liberated if we combine carbon and oxygen,

C+ 0, CO,

Heats of formation have to balance across a chemical equation. Since Ah; for C
and for O, are zero, the heat evolved from this reaction will, in fact, be the heat
of formation of CO,, which is -393.5 kJ/mol [1]. In general, we can write that
the heat of reaction, Ah°,, will be:

P r
Ahr = En,Ahf - EnjAhf
[ J
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and with all of the enthalpy of formation terms, for both reactants ‘r,” and
products ‘p,’ being defined at the standard temperature of 298 K. Also, according
to the above definition, it can be seen that the heat of reaction is negative for
exothermic (heat-producing) reaction.

The (gross) heat of combustion is now defined as the heat of reaction for a
combustion reaction, under the provisos:

— there is exactly 1 mole of fuel as the reactant

— that the fuel and the oxidant enter at 1 atmosphere pressure and 298 K
temperature

— that, after an amount of heat equal to the heat of combustion is extracted,
the products are also at 298 K and 1 atmosphere

— that the oxidant is gaseous oxygen _

— that the primary products are liquid H,O, gaseous CO,, and gaseous N,,
and there is no CO or unburnt hydrocarbons. For combustibles containing
atoms other than C, H, O, and N, other standard products are prescribed
[2].

For convenience, in practical engineering use, the heat of combustion is usually
redefined to be -Ah,, and so as to be a positive number. In a few references, heats
of combustion are tabulated as negative numbers—no different physics is implied
there, merely an opposite sign convention.

When reactions take place under these conditions, the ‘upper,’ or ‘gross’ heat of
combustion is realized. In a practical reaction, the products may not be the ideal
products specified above; in such a case, the heat released will not be the gross
heat of combustion.

The net heat of combustion

One special combustion condition is important enough that a new term is
introduced for it. It turns out that many processes of interest in combustion end
up with the products in such a state that the water in not liquefied, but remains
a gas. In those cases, it is convenient to define a variant quantity, the ‘lower,” or
‘net,” heat of combustion. This is equal to the gross heat of combustion, minus
the latent heat of water at 298 K. This is the quantity that is, in fact, much more
commonly used in fire applications than is the gross heat of combustion. Since
there is unique relationship between the amount of water produced in the
combustion reaction and the amount of hydrogen in the fuel, the net heat of
combustion can most simply be expressed as:

AR', = AR, - 02196%H])

where Ah " is the gross heat of combustion (MJ/kg), Ahc' is the net heat of
combustion (MJ/kg), and [%H] is the percent, by mass, of hydrogen in the fuel.
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For common solid combustibles, the enthalpy of the reactant fuel is normally
defined to have the fuel in its solid phase. Thus, to compute an energy balance
in a room fire, it is not necessary to subtract the heat required to gasify the solid
material, since this is already included in the definition for the heat of
combustion. (In a practical computation, such as for a room fire, however, it may
still be necessary to know the heat of gasification if excess, that is, unburnt, fuel
is being pyrolyzed. The heat to gasify this excess fuel will then have to be taken
into account as a heat loss term.)

Table 1, taken from Ref. (2] lists the heats of combustion of some common
combustibles,

Measurement
Y. The gross heat of combustion

The gross heat of combustion is normally measured in an oxygen bomb calorime-
ter. There are numerous variants in the design, construction and operation of such
calorimeters. A typical unit, produced by Parr Instrument Co., Moline, Illinois
(USA), is shown in Fig. 1. The monograph by Jessup [3] gives a good
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Figure 1. A typical oxygen bomb apparatus (Parr Instrument Co.).
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Table 1D
Heats of Combustion for Metals
Ah.
Material (MJ/kg)

Pure elements

aluminum 31.04

beryllium 66.43

copper 2.45

iron ) 7.39

magnesium 24.72

manganese 7.01

molybdenum 6.13

nickel 4.10

tantalum 5.66

tin 3.73

fitanium 19.71

zine 5.37

Zirconium 12.07
Copper alloys

bronze (88 Cu/10 Sb/2 Zn) 2.64

red brass (85 Cu/15 Zn) 2.89

cartridge brass (70 Cur30 Zn) 3.33

yellow brass (60 Cu/40 Zn) 3.62
Iron alloys

carbon steels 7.4-75

stainless steels 7.7-8.4
Nickel alloys

Inconel 600 5.40

Monel 400 3.60

discussion of the procedures and calculations in detail. Here, we will merely
describe the basic procedure qualitatively.

The method involves burning of a small sample in a compressed oxygen atmo-
sphere within a closed vessel which retains all the products of combustion. The
bomb is typically made from stainless steel, and may have an inside volume of
several hundred mL. Solid specimens are normally ground up to a fine powder,
then pressed into pellet form. Liquid samples are used without special
preparation. The quantity of specimen is typically in the vicinity of 1 g. Once a
prepared specimen is placed inside the bomb, provisions for its ignition are made
by installing a length of thin platinum or Chromel (nickel-alloy) wire inside,
touching the specimen. Normally, 1 mL of water is also added to the bomb. The
bomb is then closed and filled with oxygen, typically to about 30 atmospheres.
Next, the bomb is set in a water bath (which contains an accurately weighed
amount of water), the top is covered, and a precision thermometer (readable to
0.002 °C for normal work, and to 0.0003 °C for high-precision experiments) is
inserted into the water bath, The water bath is surrounded by an insulating jacket,
to minimize heat exchange with the room. A stirrer is also located in the water
bath. This stirrer is run for several minutes, and the water jacket temperature is
monitored or plotted. Then, an electric current is passed through the wire to



Heat of Combustion and Potential Heat 219

achieve ignition. The wire is partly consumed during this firing. The temperature
of the water bath continues to be plotted. The temperature rises to a value only
a few °C above the original temperature, then very slowly decays due to
convective losses into the room. The heat released during the combustion is,
roughly speaking, represented as this rise in the water bath temperature.

Corrections are made to account for the convective heat exchange with the room,
both before and after the combustion. Corrections are also made for any benzoic
acid added (which may have been needed as a combustion promoter) and for the
amount of ignition wire which was consumed. When testing specimens containing
elements other than C, H, and O, it is usually necessary to wash out the bomb
and chemically analyze the residues, and then to make appropriate corrections.
For example, specimens containing sulfur will tend to produce sulfuric acid,
H,S0,, in the bomb, rather than the standard product, gaseous SO,. Some nitric
acid also tends to be produced from nitrogenated species, instead of simply
yielding the assumed N, gas. Thus, a nitric acid correction is necessary. In
general, any time products other than CO,, H,0, N;, and SO, are found or can
be expected, special analysis procedures are necessary. The treatises by Rossini
(4] and Skinner [5] give the requisite background and details for many such
calculations, including the combustion of metals. ‘

In the cases of materials with low heats of combustion, some potentially
combustible specimen residue may sometimes be found unburned, once the bomb
is opened. In such cases, the test is repeated with a combustion promoter
(typically powdered benzoic acid, chosen because of its well-known heat of
combustion) being added in with the specimen. Conversely, for specimens which
are so fast-burning as to potentially cause damage to some of the fittings inside
the bomb, some water is typically added. Highly volatile samples, whose exact
weight would otherwise be difficult to control, are often sealed inside a glass
ampoule. The ampoule is placed in the bomb, with the ignition wire placed
around it. The thermal expansion causes the ampoule to break, with its contents
being released and burned.

Special purpose bombs include ones which can withstand higher pressures, used
for testing of explosives, and ones made of special materials, intended to
withstand the attack of certain corrosive agents.

For the results to be accurate, the bomb has to be calibrated by using a standard
reference material, most typically benzoic acid. When properly calibrated, some
bomb calorimeters can produce results with a precision of 0.05% [3].

The actual operating procedures that are followed should be based on both the
manufacturer’s instructions, and the relevant standard test method being used. In
the United States, the primary methods published by ASTM are D 3286 [6]
and D 2015 [7]. The former describes tests with what used to be called the
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‘isothermal jacket' calorimeter, recently renamed as the ‘isoperibol jacket’
calorimeter, i.e., one where the outer jacket is well-enough insulating so as to be
at nearly the room temperature; while the latter provides for the ‘adiabatic jacket’
calorimeter, one where the temperature of the jacket is progressively raised to
track closely the water bath temperature.

The experimental procedures described here can only treat homogenous
specimens. If the test article is non-homogenous or composite, to determine its
gross heat of combustion usually requires that the layers be separated, that their
relative weight fractions be determined, and then that a homogenous specimen by
tested from each layer separately. In some isolated cases it may be possible to
prepare a test pellet which adequately represents the mass fractions of the product
to be tested, but this should not, in the general case, be presumed.

2. The net heat of combustion

In view of its greater utility, it is unfortunate that there are no direct experimental
methods available for measuring the net heat of combustion. When net heat of
combustion values are required, the gross heat of combustion is first determined,
as described above, then the net heat of combustion is computed, as shown in the
previous section, by determining the fraction of hydrogen in the sample material.
This generally requires a separate analysis by an analytical laboratory.

3. Potential heat

The combustion conditions in the oxygen bomb (oxygen pressures of 30 atmo-
spheres, no diluting nitrogen, and the concomitant high reaction temperatures) are
very different from the conditions in building fires. In a typical building fire, the
oxygen pressure will be 0.21 atmospheres maximum, nitrogen or the products of
earlier combustion reactions will be present as diluents, and temperatures will
rarely reach over 1200 °C. Thus, there are many materials which will not
combust in building fire, for example, aluminum, which will burn in an oxygen
bomb. Thus, when it comes to evaluating certain classes of materials, the heats
of combustion reported from an oxygen bomb calorimeter test may not at all
correspond to the enthalpy which may be contributed to a building fire. These
classes of materials include many metals, and also products which are primarily
inorganic, but which contain a small organic fraction as a binder, filler, etc.

To provide a better method of estimating the heat contributable from a fire than
is obtained from simply using the oxygen bomb values, Loftus, Gross, and
Robertson developed in 1961 a procedure which they termed the potential heat
test [8]. This method uses an electric muffle furnace to expose a rectangular
specimen, 12 mm by 19 mm by 76 mm in size, to a constant temperature of 750
°C for two hours. The (gross) heat of combustion represented by the specimen
is determined before and after this thermal exposure. If a specimen is completely
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consumed during the 750 °C exposure, then the potential heat is identical to the
gross heat of combustion. If a residue remains, however, then the potential heat
that is reported is equal to the original sample’s heat of combustion, minus the
heat of combustion of the residue.

This method came into some use during the late 1960s and early 1970s. For
example, some requirements based on it were used in the ‘Operation Break-
through’ housing program promoted by the U.S. Dept. of Housing and Urban
Development in the early 1970s. The method has been published by the National
Fire Protection Association as NFPA 259 [9], first being issued in 1976.
Roundrobin data have also been reported [10].

The potential heat method did not achieve wider adoption, since, at the time that
it was becoming known, true rate of heat release methods were first becoming
available for use. In the potential heat test, the exposure o the specimen which
represents the fire conditions is fixed at a constant-temperature condition of 750
°C for two hours. This is not an unreasonable representation for a post-flashover
fire. However, this exposure condition cannot be varied to suit desired application
conditions, cannot be expressed in.terms of a surface heating flux (the
representation needed for room fire modeling), and is not entirely appropriate for
composite specimens which should be exposed only from their front surface.
Thus, it can be considered largely superseded for most current applications. The
one exception might be where fuel-load surveys are conducted for buildings or
other occupancies. In those applications, detailed measurements of rate of heat
release are usually precluded; tabulated values of potential heats, rather than
oxygen bomb value heats of combustion might be more appropriate. Even here,
however, tabulations of effective heats of combustion (see below) are coming to
be available and would be preferred, where available.

4. The effective heat of combustion.

It is, at this point, important to distinguish between the theoretical heat of
combustion, as defined above, and what might be termed the ‘effective heat of
combustion.” The concern of heat release rate measurements is to determine the
heat being released in a fire environment. If a measure of the mass loss is
available at the same time, it is possible to divide the heat obtained by the mass
lost and obtain a quantity which is in units of MI/kg. This will be termed the
effective heat of combustion. It will always be lower than.the theoretical net heat
of combustion. For these two quantities to be equal (besides making sure that all
reactants and products are at exactly 298 K, etc.) there would have to be:

— no CO, unburnt hydrocarbons, or similar products of incomplete
combustion, and

— o fuel remaining unreacted, and no fuel unmixed with and, therefore,
unable to fully react with the oxygen.
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By contrast, the gross (or net) heat of combustion is not measured by introducing
some measuring device into a fire. Since it is required that the reaction be
complete, this must obviously be done under specialized conditions. These
specialized conditions are created in a combustion bomb.

The potential heat, discussed in previous section, even though it is measured in
a specialized apparatus, can, thus, be seen to be merely the effective heat of
combustion for the rather artificial sample configuration and exposure conditions
prescribed.

More typically, the effective heat of combustion is measured in either full-scale
or bench-scale tests where the mass loss rate and the heat release rate are
simultaneously measured with time-resolved instruments. (The effective heat of
combustion could also be determined in cases where only the total heat liberated
and the total specimen mass lost are known, but with the current availability of
time-resolved instrumentation, one is usually not restricted to such overall
measures.)

Finally, it should be emphasized that the effective heat of combustion is naturally
obtained as a time-varying quantity during the combustion process. This
information can often be used to deduce chemical changes, such as charring,
occurring as the combustion progresses.
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